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Abstract—A novel Huygens’ transmit-array is proposed based
on a coupled-resonator approach where two identical elliptical
metallic patches with an elliptical hole separated by a dielec-
tric substrate has been used to demonstrate millimeter-wave
(mm-Wave) beam-forming for linear polarization. The proposed
structure is simple and compatible with standard Printed Circuit
Board (PCB) processes and utilizes a single dielectric substrate
only. It is shown that by engineering the geometrical dimensions
of the resonator, its electric (even-mode) and magnetic (odd-
mode) resonances are excited in a balanced manner to achieve
zero back-scattering in a large bandwidth. This operation prin-
ciple of the proposed Huygens’ cell is explained in details using
both an insightful equivalent circuit model, as well as full-wave
eigenmode analysis. Next, the proposed Huygens’ cell is placed
on top of a high gain 2D slot-array antenna, in its near-field,
to engineer its aperture field distribution, where the resulting
Huygens’ transmit-array acts as a broadband phase plate. Several
transmit-array prototypes designed around the 60 GHz frequency
band are demonstrated and experimentally characterized in both
their near and far-fields, to achieve difference pattern generation,
beam expansion and beam steering as application examples,
in addition to a uniform surface demonstrating its low-loss
performance. Further discussions related to the unit cell size vs
frequency bandwidth trade-offs and future extension to handling
circular polarization are finally provided.
Index Terms—Electromagnetic Metasurfaces, Transmit-arrays,
Slot Array Antennas, Huygens’ structures, Beam-forming,
millimeter-waves.
I. INTRODUCTION
There recently has been a resurgence in the area of Elec-
tromagnetic wave propagation engineering and control using
engineered surfaces with extensive amplitude, phase and po-
larization control. Using a versatile and powerful platform of
electromagnetic metasurfaces, wide variety of novel applica-
tions have emerged, which has greatly enhanced the wave
manipulation capabilities of traditional transmit- and reflect-
arrays and Frequency Selective Surfaces (FSSs). These meta-
surfaces are two dimensional structures that consist of sub-
wavelength resonators, similar to transmit-arrays and FSSs,
which due to their engineerable geometrical features provide
superior desired macroscopic responses, which otherwise are
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not possible [1]–[5]. Wide variety of wave transforming ap-
plications has been proposed such as cloaking [6], perfect
absorption [7], [8], polarization control [9] [10] and holograms
[11], to name a few.
Approaching from the application perspective, with recent
and rapid developments in the next generation wireless tech-
nologies such as 5G, there has been a greater need for
advanced wave manipulation and transformation [12], [13].
There has been an active push to develop novel technologies
in the millimeter-wave frequencies, such as 60 GHz in IEEE
801.11ad, due to large spectrum availability [14], [15]. This
is reflected in renewed interest in the development of new
antenna systems and phased array antennas, for instance, for
high-speed data communication system. An example of it is a
60-GHz-band Gigabit Access Transponder Equipment (GATE)
system, which uses the near-field region to provide stable field
intensity to enable ultrahigh speed communication link [16].
GATE system has been demonstrated using large-scale slot
array antennas based on diffusion bonding processes, achiev-
ing high efficiency antennas, and suitable for communication
ranges in the order of tens of meters [17]–[19]. However,
due to complexity of these antennas in terms of both design
sophistication and sensitive fabrication processes, they have
been restricted to uniform apertures with optimal broadside
radiation beams in a large bandwidth. Nevertheless, there are
requirements to engineer the radiation characteristics of these
antenna to achieve diversity of beam coverage in the near-
field region of the antenna apertures. Examples include, beam
focussing, beam tilting, non-uniform coverage, for instance,
which requires different aperture field distributions to generate
corresponding radiation patterns. Therefore, engineering the
aperture fields of the large-scale slot array antennas, without
modifying the antennas themselves, represents an ideal situa-
tion to exploit the wave transformation capabilities of electro-
magnetic metasurfaces and related transmit-array structures.
This objective of engineering the antenna radiation can
be visualized as a spatial cascade of the slot-array antenna
structure and a Transmit-array, which is engineered as a phase
plate with zero back-reflection to the antennas [20] [21]. The
spatial variation of the phase is then used to engineer the
field distribution, which in turn affects the radiation coverage
characteristics of the resulting compound structure. Huygens’
metasurfaces are thus ideal candidates to perform this function
due to their unique zero back-scattering properties in a large
bandwidth, due to an optimal interaction of its electric and
magnetic dipolar moments [22]. A lot of work has been done
in developing high efficiency Huygens’ surfaces, particularly
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Fig. 1. Conventional all-dielectric Huygens’ source and its typical electromagnetic response. a) Unit cell consisting of a high permittivity dielectric puck
embedded inside free space, and its typical transmission and reflection response (FEM-HFSS, driven simulation). b) Corresponding eigenmodes of the puck
(FEM-HFSS, eigenmode simulation). Simulation parameters are: ǫr = 6.5, r0 = 1.4 mm, h = 1.27 mm, Λ = 4.2 mm.
in optics [23]–[26], while few works have recently emerged
in the microwave and mm-Wave frequency ranges. Huygens’
surfaces can be realized either using all-dielectric [23]–[27] or
metallic resonators [28]–[30].
In the context of the sought after GATE application, few
Huygens’ metasurfaces in the mm-Wave have been reported
in the literature, particularly in the 60 GHz bands [29], [31],
[32]. While dielectric resonator based Huygens’ surfaces and
dielectric surfaces require non-standard processes such as di-
electric machining [33]–[35], typical metallic implementations
require multi-layer printed circuit board (PCB) processes [31],
[32]. Recently, double layer PCB based metasurfaces were
engineered to emulate a Huygens’ response with more than
2π phase coverage, and a good performance around 30 GHz
frequency band, albeit at an expense of higher reflection losses
[29], [36]. Also, they are limited to linear polarization only,
and have been operated in the far-field of the horn antenna
source. These characteristics are important in the context of
the GATE system, for instance, because it utilizes circular
polarization and needs to be compact. Therefore, it requires
any Huygens’ transmit-array to be scalable to handle any
polarization and to be placed closer to the large-scale antenna
array structure for compactness and near-field operation.
In this work, a novel Huygens’ cell is proposed as the basic
building block of the mm-wave transmit-array, operating in
the near-field of a linearly polarized slot-array antenna around
60 GHz. The proposed Huygens’ cell is based on two coupled
resonators, which emulates electric and magnetic dipole res-
onances to provide broadband matching to free-space, along
with engineerable transmission phase, as required in the GATE
system. The fundamental working principle of the proposed
structure is explained in details using eigenmode analysis,
along with an intuitive and insightful equivalent circuit model.
It is next placed in the near-field of a 2D slot array antenna,
and its wave transformation performance is experimentally
demonstrated using several examples of beam-tilting, beam
expansion and difference pattern generation. Consequently,
there are two major contributions of this work: a novel PCB
based Huygens’ cell along with its equivalent circuit model,
and its application as a transmit-array on top of a 2D slot
array antenna in its near-field to engineer its radiation pattern
characteristics around 60 GHz.
The paper is structured as follows. Sec. II shows the unit
cell configuration of the proposed Huygens’ cell, along with
its detailed eigenmode analysis, in comparison to an ideal
planar Huygens’ cell based on dielectric resonators. It further
presents an equivalent circuit model of the structure, which is
shown to correctly reproduce the electromagnetic response of
the physical cell. Sec. III presents the principle of Huygens’
transmit-arrays on top of a uniform 2D slot array antennas and
the corresponding design procedure for engineering the phase
of the Huygens’ cell in such conditions. It further outlines
the key matching and transmission phase characteristics of the
structure. Sec. IV shows various prototypes and presents their
measured near- and far-field characteristics for a variety of
wave transformations. Some discussions are provided in Sec.
V, showing the inherent trade-off between matching bandwidth
and unit cell period, and possible extension to handle circularly
polarized waves. Conclusions are finally provided in Sec. V,
with few additional remarks about the proposed Huygens’
structure.
Fig. 1. Conventional all-dielectric Huygens’ source and its typical electromagnetic response. a) Unit cell consisting of a high permittivity dielectric puck
embedded inside free space, and its typical transmission and reflection response (FEM-HFSS, driven simulation). b) Corresponding eigenmodes of the puck
(FEM-HFSS, eigenmode simulation). Simulation parameters are: r = 6.5, r0 = 1.4 mm, h = 1.27 mm, Λ = 4.2 mm.
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the physical cell. Sec. III presents the principle of Huygens’
transmit-arrays on top of a uniform 2D slot array antennas and
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II. PROPOSED HUYGENS’ STRUCTURE
A. Huygens’ Unit Cell
A Huygens’ surface is composed of a 2D array of Huygens’
cells (say in x − y plane), which consists of co-located
electric and magnetic dipoles which are orthogonally polarized
in space. Their mutual interaction results in a destructive
interference along one direction (along −z), while the two
contributions add up in phase in the +z direction [22]. Such
an array when excited with a uniform plane-wave, exhibits
zero back-scattering typically in a large bandwidth, along with
finite amount of transmission phase shift that depends on the
exact geometrical characteristics of the Huygens’ structure.
Therefore, it acts as an ideal phase plate for phase engineering
applications.
A very simple realization of a Huygens’ configuration in
a planar form is using a dielectric resonator as shown in
Fig. 1(a). It simply consists of a circularly-cylindrical high per-
mittivity dielectric resonator surrounded by a low-permittivity
host medium (e.g. air). The graphic at the bottom of Fig. 1(a)
show its typical reflection and magnitude characteristics, along
with transmission phase, when excited with a uniform plane-
wave. Here the structure has been properly optimized to
superimpose the electric and magnetic resonances, forming
the Huygens’ configuration. Floquet boundaries are used to
emulate a perfectly periodic array along x and y dimensions.
As can be seen, it provides a good matching in a large
bandwidth, with particularly two distinct reflection nulls. A
perfect Huygens’ configuration is formed at these two frequen-
cies with balanced electric and magnetic dipolar responses
providing a near 2pi phase coverage across the frequency range
[10].
To further understand the operation of a Huygens’ cell, let us
consider its eigenmode field distribution. Fig. 1(b) shows the
eigenmode analysis of the dielectric resonator cell using FEM-
HFSS. The simulation model consists of perfect magnetic
conductor (PMC) boundary along the x−direction (to support
x−polarized excitation), and free-space impedance boundaries
along ±z axis. In the frequency range of interest (based on
the driven response), near the two reflection nulls, four distinct
modes are identified. Around each reflection null, a mode
pair is found with similar Q-factors, where each of the field
distributions corresponds to either an electric (even-mode)
or a magnetic-type (odd-mode) mode. For example, mode 1
exhibits a y−polarized electric field in the center region of the
cell, similar to a horizontal electric dipole, while becoming
tangential to the left and right side walls to satisfy the PEC
boundary condition (accounting for intercellular coupling). In
the plane of the puck, the electric field is symmetric about
x = 0. The magnetic field on the other hand circulates in the
x − z plane about x = 0, and is dominantly a z−oriented
field (shown as a magnitude plot only since the normal vector
has poor visibility). This configuration thus forms an electric
dipole denoted as a y−polarized p. This is an even mode since
the E-fields are symmetric about the x− y plane. Mode 2, on
the other hand, shows strong H-field components polarized
along the x−axis, similar to an x−polarized magnetic dipole,
symmetric about the y = 0 axis. The corresponding E-fields
circulates around y = 0, and is z-polarized. This forms
the x−polarized magnetic dipole (odd-mode) response of the
puck, denoted as m. This is an odd mode since the E-fields
are asymmetric about the x−y plane. The puck thus supports
two collocated orthogonal dipole moments py and mx, which
following superposition of their corresponding even and odd
mode field configurations, produce destructive interference
along one direction of z−axis, and constructive interference
along the other. This is the Huygens’ field configuration at the
first reflection null of the driven frequency response. Similar
conclusions can be made for the other pair of modes at the
second reflection null.
We should note that the dielectric Huygens’ structures
(reported in the literature) typically exhibit large unit cell
periods, Λ, and are widely used in the context of metasurfaces.
Before proceeding further, we would like to clarify this termi-
nology. Due to their common feature of wave transformation
functionalities, the conventional transmit-/reflect-arrays are
closely related to the general paradigm of electromagnetic
metasurfaces. However, an important difference lies in their
respective unit cell periodicities. While metasurface unit cells
are ideally deeply sub-wavelength to allow homogenization
description, transmit-arrays typically exhibit unit cell sizes
greater than λ/4 [37]. Nevertheless, several works have con-
tinued to refer Huygens’ cells with large unit cell periodicities
as metamaterial/metasurface structures, which has blurred the
semantics in the relevant literature [26]. Thenceforward, we
will follow the unit cell periodicity criterion and refer to these
unit cells with large periodicities as Transmit-arrays.
B. Coupled Resonator Huygens’ Cell
Although the idea of an ideal dielectric resonator Huygens’
cell is simple, it is challenging to implement it. While some
dielectric structures have been proposed at the microwave
frequencies such as in [27], based on dielectric bridged
interconnections, they are based on non-standard fabrication
processes and are particularly difficult to realize at mm-Wave
frequencies.
The core of a Huygens’ cell is the interaction of even
and odd modes that provides perfect field cancellation along
one direction, i.e. zero back-scattering. Another simple, yet
practical, approach to realize such configuration is a coupled
resonator, as proposed in Fig. 2(a). It consists of a metallic
patch, separated by a thin host dielectric. Here, an elliptical
shaped patch resonator is proposed to vary the unit cell
response, controlled by the inner diameter of the hole ain, outer
diameter aout with two inner and outer ellipticities τin and τout,
respectively, as illustrated in Fig. 3(a). This provides sufficient
degrees of freedom for controlling its scattering response for
an x−polarized field excitation. While, the outer ellipticity
and the diameter primarily primarily controls the location of
the reflection nulls in frequency, the inner hole dimensions
provide fine tuning to achieve broadband matching. The unit
cell period Λ < λ0 to ensure sub-wavelength operation of
the cell. In addition to the self-coupling of individual metallic
patch resonators, additional resonances are generated due to
tight electromagnetic coupling through the thin substrate. As
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Fig. 2. Proposed Huygens’ cell as a unit element for constructing a broadband matched transmit-array. (a) Unit cell configuration consisting of two coupled
resonators separated by a thin low-permittivity dielectric. (b) Equivalent circuit model and its even-odd mode decomposed circuit, for an assumed lossless cell.
(c) S-parameter response of a typical proposed Huygens’ cell and its comparison with the circuit model with extracted element values. Simulations parameters
are: Unbalanced case - Rout = 0.9 mm, Rin = 0.3 mm with circuit parameters C0 = 0.805 fF, L0 = 9.677 nH, Cm = 6.796 fF, M = 0.1222L0;
Balanced case - Rout = 0.82 mm, Rin = 0.25 mm with C0 = 0.683 fF, L0 = 10.35 nH, Cm = 5.938 fF, M = 0.0364L0. Transmission line impedance
Z0 = η0/
√
ǫr , and θ = 55.83◦ at 60 GHz. For the FEM-HFSS simulation, the structure is a ring of inner and outer radii of 0.25 mm and 0.82 mm,
respectively for balanced and 0.3 mm and 0.9 mm for unbalanced design. Unit cell size Λ = 4.2 mm, ǫr = 2.33 and h = 0.508 mm are same for both
cases.
will be shown later using the eigenmode field analysis, this
configuration is capable of providing even and odd mode field
distributions, similar to that in the dielectric resonators, as
desired to achieve a Huygens’ response.
A simple way to illustrate the proposed cell is using
an equivalent circuit model, as shown in Fig. 2(b) for a
lossless cell, for simplicity. An incoming plane-wave induces
an electric current on the metallic patches, which is repre-
sented by an inductance, L0. A series capacitance also exists
between two neighboring patches in the same plane of the
surface, represented by a capacitance C0. This series resonator
{L0, C0} thus represents the metallic resonator and the
equivalent circuit consists of two of these resonators separated
by a transmission line of impedance Z0 and electrical length
θ, representing the dielectric substrate. The two resonators
are further electromagnetically coupled - both inductively and
capacitively. A coupling capacitance Cm exists between the
two metallic patches along with a mutual inductance of value
M . The circuit elements are further split to emphasize both
transverse and longitudinal symmetries of the structure.
The two symmetries, and in particular the longitudinal one,
allows an even-odd mode decomposition of the structure.
The equivalent circuit model of the respective even and odd
modes are also shown in Fig. 2(b). In the even mode case,
the coupling capacitance has zero contribution due to open
circuit termination at the symmetry plane, and the resonator
inductance is increased by a factor of M . This even mode
corresponds to the electric-resonance of the unit cell. On the
other hand, for the odd mode case, the coupling capacitor
is present accounting for the displacement current between
the two metallic patches, and the resonator inductance is
reduced by a factor of M . This corresponds to the magnetic
resonance mode of the unit cell. Each of these circuits are
purely reflective type with unity reflectance amplitude (i.e.
|Γe,o(ω)| = 1), but with frequency-dependent reflection phase,
∠Γe,o(ω). These two respective reflection coefficients of the
even and odd mode circuits are given by
Γe =
(
ZL,even − Z/2
ZL,even + Z/2
)
(1a)
Γo =
(
ZL,odd − Z/2
ZL,odd + Z/2
)
, (1b)
where Z = 377 Ω is the free-space impedance, and the
corresponding even and mode impedances are further given
by
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Fig. 3. Proposed Huygens’ source based on coupled resonators and its typical electromagnetic response. a) Unit cell consisting of a pair of metallic patches
across a dielectric slab, and its typical transmission and reflection response (FEM-HFSS, driven simulation). b) Corresponding eigenmodes of the coupled
resonators (FEM-HFSS, eigenmode simulation). Simulation parameters are: ǫr = 2, τout = 1.5, aout = 775 µm, τin = 0.5, ain = 400 µm puck thickness
h = 0.508 mm, Λ = 4.2 mm and h = 0.508 mm.
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the open and short-circuited transmission line impedances,
respectively. Finally, the overall reflectance of the unit cell
can be constructed using the superposition of even and odd
mode reflectances as,
R(ω) =
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Γe(ω) + Γo(ω)
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From the phenomenological point of view, at any frequency,
where the reflection phases of the even and odd modes differ
by 180◦, a destructive interference between these modes occur,
and a perfect transmission is achieved. These frequency points
subsequently correspond to perfect formation of a Huygens’
configuration and typically exhibits reflection nulls, similar to
the ones observed in Fig. 1, for instance.
To confirm the Huygens’ response of the proposed unit
cell and the validity of the equivalent circuit model, Fig. 2(c)
shows a typical full-wave response of the coupled resonator
computed using FEM-HFSS for two cases: unbalanced and
balanced cases. In the unbalanced case, the cell exhibits
a strong reflectance in a large bandwidth, with two strong
transmission nulls. It indicates a strong disparity between
the electric (even) and magnetic (odd) response of the cell.
Besides, the transmission phase has two breaking points align-
ing with those two transmission nulls. On the other hand,
for the balanced case, with slight geometrical tuning of the
unit cell, a wide-band matching is achieved. It presents two
distinct reflectance dips identical to the ones observed in the
dielectric cell of Fig. 1, in addition to a complete 2π phase
coverage. Remarkably, the proposed equivalent circuit model
is able to faithfully reproduce the full response across a large
bandwidth for both unbalanced and balanced cases, where the
circuit values were extracted using the full-wave results. In
both cases, the dielectric impedance and the electrical length
were fixed to its TEM values. Large self-inductances L0 are
observed in both cases, while very small self-capacitances C0,
in the order of fF, indicate a very weak intercellular coupling.
The cell response was further found to be very sensitive to
the capacitive and inductive coupling. While no one-to-one
mapping was observed between the geometrical parameters
and the circuit elements, the self-resonant terms were found
to be primarily responsible for the frequency locations of the
reflection nulls, and the inductive coupling dominantly affected
the matching.
To further understand the Huygens’ response of the pro-
posed cell, eigenmode analysis was performed on a practical
lossy cell, as shown in Fig. 3. Fig. 3(a) shows the typical
configuration of the unit cell and is typical driven simulation
results under a balanced condition. The transmission and
reflection characteristics show the signature reflection dips
corresponding to two Huygens’ frequencies. Fig. 3(b) further
shows the eigenmode field plots for various resonant modes
founds within the frequency range of interest. Similar to the
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computed using FEM-HFSS for two cases: unbalanced and
balanced cases. In the unbalanced case, the cell exhibits
a strong reflectance in a large bandwidth, with two strong
transmission nulls. It indicates a strong disparity between
the electric (even) and magnetic (odd) response of the cell.
Besides, the transmission phase has two breaking points align-
ing with those two transmission nulls. On the other hand,
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unit cell, a wide-band matching is achieved. It presents two
distinct reflectance dips identical to the ones observed in the
dielectric cell of Fig. 1, in addition to a complete 2pi phase
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is able to faithfully reproduce the full response across a large
bandwidth for both unbalanced and balanced cases, where the
circuit values were extracted using the full-wave results. In
both cases, the dielectric impedance and the electrical length
were fixed to its TEM values. Large self-inductances L0 are
observed in both cases, while very small self-capacitances C0,
in the order of fF, indicate a very weak intercellular coupling.
The cell response was further found to be very sensitive to
the capacitive and inductive coupling. While no one-to-one
mapping was observed between the geometrical parameters
and the circuit elements, the self-resonant terms were found
to be primarily responsible for the frequency locations of the
reflection nulls, and the inductive coupling dominantly affected
the matching.
To further understand the Huygens’ response of the pro-
posed cell, eigenmode analysis was performed on a practical
lossy cell, as shown in Fig. 3. Fig. 3(a) shows the typical
configuration of the unit cell and is typical driven simulation
results under a balanced condition. The transmission and
reflection characteristics show the signature reflection dips
corresponding to two Huygens’ frequencies. Fig. 3(b) further
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shows the eigenmode field plots for various resonant modes
founds within the frequency range of interest. Similar to the
dielectric unit cell, again two pairs of electric and magnetic
dipole type responses were found near the two reflection
nulls. Compared to the dielectric resonators, the dipolar field
distributions are less distinct, and large variations in the Q-
factors were observed. However, the existence of co-located
electric and magnetic dipole pairs further explains the Huy-
gens’ configuration in the proposed unit cell structure.
III. HUYGENS’ TRANSMIT-ARRAYS
As demonstrated, the proposed Huygens’ unit cell based
on coupled resonators provides a wide-band matching. For
unit ellipticities, the cell is perfectly identical along x and y
axes, which makes it suitable for handling circularly polarized
waves. However, to show its beam-forming capabilities, an
example of wave polarizations will be taken using a linearly-
polarized 2D slot array antenna. The principle of antenna
beam-forming using the proposed Huygens’ cell is illustrated
in Fig. 4(a). It consists of a 2D slot array antenna, with a
Huygens’ transmit-array placed on top, in its near field.
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Fig. 4. Principle of antenna beam-forming using proposed Huygens’ transmit-
arrays on top of the 2D Slot array structure. a) 2D slot array antenna only.
b) The proposed Huygens’ transmit-array (uniform structure as an example)
placed on top of the slot array in its near-field.
The slot array antenna used in this work is a 16× 16 array
of radiating slots forming a 2D linearly polarized structure,
fabricated using the diffusion bonding process, as shown in
Fig. 4(b). It is a corporate feed antenna with a standard
waveguide input at the bottom. The transmit-array on top
of the antenna aperture should ideally provide a uniform
transmission amplitude along with space-varying phase dis-
tribution. Thus, transforming an incoming ideal plane wave
E(x, y, z = 0−) to a desired outgoing wave E(x, y, z = 0+) at
the design frequency. It specifically imparts a phase of φ(x, y)
which is engineered to achieve a desired far-field radiation
characteristic. A photograph of a typical Huygens’ transmit-
array is shown in Fig. 4(b), which is placed in the near-field
of the slot array using a metallic jig to support the structure
with nylon cylindrical posts.
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Fig. 5. FEM-HFSS simulation setup of the Huygens’ cell on top of the slot
sub-array. a) Setup. b) Transmission phase tuning by varying cell geometry.
c) Corresponding transmission and reflection response. Simulation parameters
are: ǫr = 2.00, tan δ = 0.0021, substrate thickness h = 0.508 mm, unit
cell size Λ = 4.2 mm, τout ∈ (0.1, 4.0), aout ∈ (500, 1100) µm and
τout ∈ (0.4, 2.3), aout ∈ (10, 275) µm.
While the Huygens’ transmit-array is expected to have zero
back-reflection, the typical reflection characteristics of the
proposed unit cell exhibits finite amount of reflection, as seen
in Fig. 3. To take into account any possible coupling between
the slot elements and the transmit-array cells, a compound
structure is used in the design as shown in Fig. 5(a). It shows a
2×2 slot sub-array fed by a standard TE10 waveguide, which
is the building block of the larger array. The Huygens’ cell
period is matched to the slot subarray period for convenient
unit cell design with Λ = 4.2 mm, so that there is one Huygens
element at the top of each slot. The separation distance d
between the slots and the transmit-array is chosen to minimize
the loading effect of the transmit-array on the slot, as the
slot array antenna is assumed to be fixed once fabricated. All
vertical air faces are assigned Floquet boundaries to emulate
a uniform field distribution, with radiation boundaries on
top. By varying the unit cell ellipticities, and adjusting the
matching using ain and aout, the transmission phase is varied
across frequency, while maintaining broadband matching. The
transmission phase variation is shown in Fig. 5(b) and the
corresponding reflection and transmission characteristics are
shown in Fig. 5(c). A wide-band matching is observed in
each case, typically with |S11| < −10 dB. The transmission
losses are kept below −1 dB within the desired bandwidth.
i . . ri ci le f a te a ea -f r i using proposed Huygens’ transmit-
arra s t f t e l t arra str cture. a) 2 slot array antenna only.
b) he proposed uygens’ trans it-array (unifor structure as an example)
placed on top of the slot array in its near-field.
e sl t arra a te a se i t is ork is a 16 16 array
of radiating slots for ing a 2 linearly polarized structure,
fabricated using the diffusion bonding process, as shown in
Fig. 4(b). It is a corporate feed antenna ith a standard
aveguide input at the botto . The trans it-array on top
of the antenna aperture should ideally provide a uniform
trans ission a plitude along with space-varying phase dis-
tribution. Thus, transforming an incoming ideal plane wave
E(x, y, z = 0−) to a desired outgoing wave E(x, y, z = 0+) at
the design frequency. It specifically imparts a phase of φ(x, y)
which is engineered to achieve a desired far-field radiation
characteristic. A photograph of a typical Huygens’ transmit-
array is shown in Fig. 4(b), which is placed in the near-field
of the slot array using a metallic jig to support the structure
with nylon cylindrical posts.
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sub-array. a) Setup. b) Transmission phase tuning by varying cell geometry.
c) Corresponding transmission and reflection response. Simulation parameters
are: ǫr = 2.00, tan δ = 0.0021, substrate thickness h = 0.508 mm, unit
cell size Λ = 4.2 mm, τout ∈ (0.1, 4.0), aout ∈ (500, 1100) µm and
τout ∈ (0.4, 2.3), aout ∈ (10, 275) µm.
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back-reflection, the typical reflection characteristics of the
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matching using ain and aout, the transmission phase is varied
across frequency, while maintaining broadband matching. The
transmission phase variation is shown in Fig. 5(b) and the
corresponding reflection and transmission characteristics are
shown in Fig. 5(c). A wide-band matching is observed in
each case, typically with |S11| < −10 dB. The transmission
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losses are kept below −1 dB within the desired bandwidth.
The maximum phase variation at a fixed frequency is found
to be about 330◦ at 61.5 GHz. For these design parameters,
the setup maintains a good reflection performance in a large
absolute bandwidth of about 4.25 GHz.
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The maximum phase variation at a fixed frequency is found
to be about 330◦ at 61.5 GHz. For these design parameters,
the setup maintains a good reflection performance in a large
absolute bandwidth of about 4.25 GHz.
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Fig. 6. FEM-HFSS simulation setup of a typical Huygens’ transmit-array on
top of the slot array antenna to demonstrate its phase engineering capability
using a difference pattern generation as an example. a) Simulation setup. b)
Near-field phase at the design frequency, and (c) the corresponding far-field
radiation pattern of the compound structure compared to the antenna only.
Simulation parameters are provided in Table. I.
As an illustrative beam-forming example, consider the case
of a difference pattern generation, where two beams are
desired with a null at broadside [38]. Such a transmit-array
is realized by dividing the array region into two halves with
180◦ transmission phase difference at the design frequency.
The simulation setup of general case of 1D transmit-array is
illustrated in Fig. 6(a). It consists of a 1D array of 8 slot
sub-arrays (total 16 slot elements) with Huygens’ transmit-
array on top, separated by a distance d from the antenna
aperture. Floquet boundaries are applied on all four vertical
sides of the air box with radiation boundaries on top. For
difference pattern generation, the geometrical parameters of
the Huygens’ transmit array is varied in a desired fashion,
and the corresponding spatial phase distribution is shown in
Fig. 6(b), measured on top of the surface. Around 180◦ phase
difference is achieved at 61.5 GHz, with slight ripples on
each side. The corresponding far-field radiation pattern is also
shown in Fig. 6(b). Compared to the broadside radiation of
the original antenna, the transmit-array successfully generates
a strong null at broadside and beams on either side. With
the choice of the optimal value of d = 0.5 cm, all the
waveguide input ports are very well matched, well below
−10 dB. It should be noted that, while the individual unit
cells are designed within a perfectly periodic environment,
the transit-array is in general, non-uniform in nature, which
is expected to lead to some discrepancies when using the unit
cell design. Using this numerical setup, various transmit-array
prototypes were fabricated and tested, as shown next.
IV. EXPERIMENTAL DEMONSTRATION &
CHARACTERIZATION
To experimentally characterize the proposed Huygens’
transmit array, four different prototypes were made and tested:
1) Uniform surface, 2) Difference pattern generation, 3) Beam
expansion and 4) Beam steering. The 16×16 linearly polarized
slot array antenna is kept the same in all cases, and the
transmit-array is mounted on a metallic jig as shown in
Fig. 4(b). The substrate has a permittivity of ǫr = 2 and
h = 0.508 mm, which is ≈ λ/10 thick at 60 GHz.
Let us consider the first prototype of uniform surface, which
is useful in estimating the typical loss characteristics of the
surface. The picture of the fabrication prototype is shown
in Fig. 7(a). The figure also shows the measured reflection,
which is found to be well below −10 dB in a large bandwidth
between 58-63 GHz. The near-fields on top of the transmit-
array were next measured and the 2D field magnitude and
phase is shown in Fig. 7(b). A perfectly uniform amplitude
and phase is desired throughout the surface. However, the near-
field shows that the field amplitude decreases near the edge
of the surface, which can be attributed to the edge effects
of the finite sized array. Moreover, there is a gradual phase
shift observed along the x−direction which is an indicative of
the slight vertical misalignment of the surface with respect to
the antenna aperture. The corresponding far-field patterns are
shown in Fig. 7(c), with peak radiation still along broadside
indicating negligible effect of the slight phase gradient in
the near-fields, on the far-fields. The corresponding directivity
and measured gain is next shown in Fig. 7(c) with a peak
directivity of about 33 dBi throughout the frequency band,
where the directivity is estimated using numerical far-field
transformation of the measured near-fields. A good agreement
is seen between FEM-HFSS and measurement. On the other
hand, the measured realized gain is found to be lower than
the simulated values by about 1.56 dB (61.5 GHz), indicat-
ing under-estimated values of copper conductivity and loss
tangent of the dielectric substrate in the design simulations.
Comparison with the measured realized gain of the antenna
only, reveals a maximum gain drop of 1.5 dB at 61.5 GHz,
which is a representative of the actual loss due to the Huygens’
transmit-array (considering negligible reflection losses, and
assuming same directivities).
Next, three different prototypes were fabricated correspond-
ing to difference-pattern generation, beam expansion and
beam-steering, as shown in Fig. 8. The difference-pattern
generation creates a strong null along broadside, where there is
a phase difference of 180◦ between transmission phase of left
and half regions of the transmit-array, leading to destructive
interference. Such a beam is useful in creating two regions of
illumination and avoiding region in between, in the far-field,
for instance in the GATE application. Fig. 8(a), shows the
picture of the prototype (transmit-array on top of the slot array
antenna), along with its measured reflection characteristics.
Broadband matching is achieved as expected and showing
good comparison with FEM-HFSS design, confirming small
fabrication tolerances. The near-field amplitude and phase
scan at the chosen frequency of 61.5 GHz, clearly show the
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difference is achieved at 61.5 GHz, with slight ripples on
each side. The corresponding far-field radiation pattern is also
shown in Fig. 6(b). Compared to the broadside radiation of
the original antenna, the transmit-array successfully generates
a stron null at broadside and beams on either side. With
the choice of the optimal v lue of d = 0.5 cm, all the
waveguide input ports are very well matched, well below
−10 dB. It should be not d that, hile the in ividual unit
cells are designed withi a perfectly periodic environment,
th transit-array is in general, non-uniform in nature, which
is xpected to lead to some discrepancies when using the unit
cell design. Using this nu rical s tup, various transmit-array
prototypes were fabricated and tested, as shown next.
IV. EXPERIMENTAL DEMONSTRATION &
CHARACTERIZATION
To experimentally characterize the proposed Huygens’
transmit array, four different prototypes were made and tested:
1) Uniform surface, 2) Difference pattern generation, 3) Beam
expansion and 4) Beam steering. The 16×16 linearly polarized
slot array antenna is kept the same in all cases, and the
transmit-array is mounted on a metallic jig as shown in
Fig. 4(b). The substrate has a permittivity of r = 2 and
h = 0.508 mm, which is ≈ λ/10 thick at 60 GHz.
Let us consider the first prototype of uniform surface, which
is useful in estimating the typical loss characteristics of the
surface. The picture of the fabrication prototype is shown
in Fig. 7(a). The figure also sh s the measured reflection,
which is found to be well below −10 dB in a large bandwidth
between 58-63 GHz. The near-fields on top of the transmit-
array were next measured and the 2D field magnitude and
ph se is shown in Fig. 7(b). A perfectly uniform amplitude
and pha e is desired t roughout the s rface. How ver, the near-
field s ows that the field amplitude decr ases near the edge
of the surfac , which c n be attributed to the edge effects
of the finit sized array. Moreov r, there is a gr dual phase
shift observed along the x−direction which is an indicative of
the slight vertical misalignment of the surface with respect to
the antenna aperture. The corresponding far-field patterns are
shown in Fig. 7(c), with peak radiation still along broadside
indicating negligible effect of the slight phase gradient in
the near-fields, on the far-fields. The corresponding directivity
and measured gain is next shown in Fig. 7(c) with a peak
directivity of about 33 dBi throughout the frequency band,
where the directivity is estimated using numerical far-field
transformation of the measured near-fields. A good agreement
is seen between FEM-HFSS and measurement. On the other
hand, the measured realized gain is found to be lower than
the simulated values by about 1.56 dB (61.5 GHz), indicat-
ing under-estimated values of copper conductivity and loss
tangent of the dielectric substrate in the design simulations.
Comparison with the measured realized gain of the antenna
only, reveals a maximum gain drop of 1.5 dB at 61.5 GHz,
which is a representative of the actual loss due to the Huygens’
transmit-array (considering negligible reflection losses, and
assuming same directivities).
Next, three different prototypes were fabricated correspond-
ing to difference-pattern generation, beam expansion and
beam-steering, as shown in Fig. 8. The difference-pattern
generation creates a strong null along broadside, where there is
a phase difference of 180◦ between transmission phase of left
and half regions of the transmit-array, leading to destructive
interference. Such a beam is u eful in creating two regions of
illumination and avoiding region i betw en, i the far-field,
for instance in the GATE application. Fig. 8(a), shows the
picture of the prototype (transmit-array on top f the slot array
antenna), along with its measured reflection characteristics.
Broadband matching is achieved as exp cted and showing
good comparison with FEM-HFSS design, confirming small
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TABLE I
GEOMETRICAL DESIGN PARAMETERS FOR VARIOUS PROTOTYPES SHOWN IN FIG. 7 AND FIG. 8.
Beam Expansion Uniform
#1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16
ain 400 440 275 350 130 275 200 190 190 200 275 130 350 275 440 400 275
τin 0.5 0.54 0.61 0.72 0.86 1.04 1.25 1.5 1.5 1.25 1.04 0.86 0.72 0.61 0.54 0.5 1.03
aout 775 775 800 800 850 850 900 900 900 900 850 850 800 800 775 775 850
τout 1.5 1.46 1.39 1.28 1.14 0.96 0.75 0.5 0.5 0.75 0.96 1.14 1.28 1.39 1.46 1.5 0.97
Beam Steering Difference-Pattern
#1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16
ain 400 440 450 350 250 285 200 260 275 290 240 200 250 225 220 190 285/200
τin 0.5 0.57 0.63 0.70 0.77 0.83 0.90 0.97 1.03 1.10 1.17 1.23 1.3 1.37 1.43 1.5 0.83/1.23
aout 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 825/900
τout 775 775 775 800 825 825 850 850 850 850 875 900 875 900 900 925 1.17/0.77
All dimensions in µm, ǫr = 2.00, tan δ = 0.0021, substrate thickness h = 0.508 mm and unit cell size Λ = 4.2 mm.
separation of the two regions on the surface, with ≈ 180◦
phase difference. There is a slight phase gradient seen along
the x−direction, which is attributed to possible vertical mis-
alignment between the slot array plane and the transmit-array
plane, as the surface is uniform along this direction. The
corresponding far-field patterns produce the desired nulls with
about 1.5 dB difference in the two peak values of the beam.
Second prototype for beam expansion is shown in Fig. 8(b).
This surface exhibits a concave quadratic phase profile along
the x−direction. Similar to a cylindrical concave lens, this
transmit-array is useful in broadening the far-field pattern
providing larger coverage area in the GATE application, for
instance. Fig. 8(a) again shown good wide-band matching
performance with |S11| < −10 dB. The near-field scan clearly
shows the concave phase profile with minimum phase in the
central region and quadratically increasing on either sides until
the edge of the structure. While an ideally flat magnitude
response is desired, different cells with different transmis-
sion phases also exhibit different transmission magnitudes,
as shown in Fig. 5. The far-field patterns shows a significant
beam expansion compared to a standalone pattern, with good
matching with the numerical design. A 6 dB beam width of
about 13◦ is observed compared to only about 5◦ for the
antenna.
The last prototype is a beam-steering structure, as shown
in Fig. 8(c). It consists of linearly varying phase across
x−axis, creating a constant non-zero phase gradient, required
for steering the main-beam of the antenna. The desired phase
Fig. 7. Measured reflection and field characteristics of a unifor tra s it- it-array and the measured broadband reflection
char cteristics of the anten a with and without the Huygens’ trans it-arra . ) s response at the design frequency. c) Far-field
radiation pattern, gain and directivity (solid curve - measure ents, dashe r t ith the transmit-a ray (TA).
GEOMETRICAL DESIGN PARAMETERS F I I I . D FIG. 8.
Bea xpa si Uniform
#1 #2 #3 #4 #5 #6 #7 #8 14 #15 #16
ain 400 440 275 350 130 275 200 190 190 200 275 130 350 275 440 400 275
τin 0.5 0.54 0.61 0.72 0.86 1.04 1.25 1.5 1.5 1.25 1.04 0.86 0.72 0.61 0.54 0.5 1.03
aout 775 775 800 800 850 850 900 900 900 900 850 850 800 800 775 775 850
τout 1.5 1.46 1.39 1.28 1.14 0.96 0.75 0.5 0.5 0.75 0.96 1.14 1.28 1.39 1.46 1.5 0.97
Beam Steering Difference-Pattern
#1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16
ain 400 440 450 350 250 285 200 260 275 290 240 200 250 225 220 190 285/200
τin 0.5 0.57 0.63 0.70 0.77 0.83 0.90 0.97 1.03 1.10 1.17 1.23 1.3 1.37 1.43 1.5 0.83/1.23
aout 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 825/900
τout 775 775 775 800 825 825 850 850 850 850 875 900 875 900 900 925 1.17/0.77
All dimensions in µm, r = 2.00, tan δ = 0.0021, substrate thickness h = 0.508 mm and unit cell size Λ = 4.2 mm.
fabrication tolerances. The near-field amplitude and phase
scan at the chosen frequency of 61.5 GHz, clearly show the
separation of the two regions on the surface, with ≈ 180◦
phase difference. There is a slight phase gradient seen along
the x−direction, which is attributed to possible vertical mis-
alignment between the slot array plane and the transmit-array
plane, as the surface is uniform along this direction. The
corresponding far-field patterns produce the desired nulls with
about 1.5 dB difference in the two peak values of the beam.
Second prototype for beam expansion is shown in Fig. 8(b).
This surface exhibits a concave quadratic phase profile along
the x−direction. Similar to a cylindrical concave lens, this
transmit-array is useful in broadening the far-field pattern
providing larger coverage area in the GATE application, for
instance. Fig. 8(a) again shown good wide-band matching
performance with |S11| < −10 dB. The near-field scan clearly
shows the concave phase profile with minimum phase in the
central region and quadratically increasing on either sides until
the edge of the structure. While an ideally flat magnitude
response is desired, different cells with different transmis-
sion phases also exhibit different transmission magnitudes,
as shown in Fig. 5. The far-field patterns shows a significant
beam expansion compared to a standalone pattern, with good
matching with the numerical design. A 6 dB beam width of
about 13◦ is observed compared to only about 5◦ for the
antenna.
The last prototype is a beam-steering structure, as shown
in Fig. 8(c). It consists of linearly varying phase across
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Fig. 8. Measurement results of three fabricated transmit-arrays with different phase profiles at 61.5 GHz, showing the photograph of the prototypes, reflection
characteristics, near-field aperture fields and the far-fields.
Fig. 8. Measurement results of three fabricated transmit-arrays with different phase profiles at 61.5 GHz, showing the photograph of the prototypes, reflection
characteristics, near-field aperture fields and the far-fields.
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x−axis, creating a constant non-zero phase gradient, required
for steering the main-beam of the antenna. The desired phase
gradient is φx = 2pi/(16 × 4.2) rad/mm. This corresponds
to a beam tilt of θ0 = sin−1{φx/k0}, where k0 is the wave
number at the design frequency. This leads to a theoretical
beam tilt of about 4.16◦ in the far-field at 61.5 GHz. The
near-fields of Fig. 8(c) shows the linear phase gradient along
the x−direction, where again a non-negligible phase gradient
is observed along the y−direction. Nevertheless, the far-field
patterns shows a clear tilt of 4◦ in very good agreement with
the theoretical value.
All these examples, show a glimpse of the diversity of phase
profiles that may be achieved using the proposed Huygens’
transmit-array with wide-band matching bandwidths. Based on
standard and simple PCB processes with no via connections,
all the prototypes exhibited negligible fabrication tolerances.
All geometrical dimensions of the four prototypes are finally
tabulated in Tab. I for reference.
V. DISCUSSIONS
A. Unit Cell Period vs Bandwidth Trade-offs
While the proposed coupled resonator configuration pro-
vides a large phase range, the spatially varying phase profiles
are limited primarily due to relatively large unit cell sizes,
similar to that of dielectric-based Huygens’ surfaces. The cell
period, Λ in all the previous designs has been chosen as
4.2 mm to match with that of the slot period of an already
available antenna prototype (≈ 0.86λ0 at 61.5 GHz). This
led to simpler designs of the transmit-array, as the coupling
between slot sub-array and the surface can be efficiently
modeled.
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Fig. 9. Trade-off between unit cell size and matching bandwidth. Simulation
parameters are: ǫr = 6.15, tan δ = 0.0025, τout = 0.6, aout = 525 µm,
τin = 1.0, ain = 100 µm, substrate thickness h = 0.35 mm and Λ =
2.8 mm. The reference design parameters are the same as in Fig. 3.
However, the unit cell period may be reduced to enable
better spatial phase discretization. One simple way is by
using a higher permittivity dielectric between the two coupled
resonators. Fig. 9 shows one example, where a substrate of
ǫr = 6.15 (Rogers 3006) is used to design the Huygens’
cell. Using the same elliptically shaped metallic resonator, the
unit cell has been reduced to Λ = 2.8 mm, which is about
0.57λ0 at 61.5 GHz. However, this led to reduced matching
bandwidth compared to the design based on ǫr = 2.00, which
is only about 32% of the original design (1.8 GHz vs 5.6 GHz).
Nevertheless, the transmission phase shows a faster frequency
variation, which indicates a larger sensitivity to resonator
dimensions. This example thus highlights the fundamental
inherent trade-off between higher permittivity based smaller
unit cell periods and the lower matching bandwidths in the
proposed Huygens’ cell.
B. Circular Polarization Handling
The proposed cell has been demonstrated for handling linear
polarization. However, there are applications such as GATE
systems, which are based on circularly polarized slot array
antennas. The proposed Huygens’ transmit-array configuration
may also be extended to operate on circular polarization
as well, with some modifications in the geometry. Fig. 10
shows one illustrative example where the metallic resonator
patches have been modified to operate on circular polarization.
Consequently, a rotational symmetry has been imposed on
the metallic resonator. Since some design parameters are lost,
because τout = τin = 1, a new geometrical parameter is
introduced as an annular slit of angle α on the metallic ring
resonator. Fig. 10 shows the transmission phase for two sets
of parameters, where the Huygens’ response with two distinct
reflection nulls is clearly visible, and its phase response is
varied across frequency. Due to the imposed symmetry, both
orthogonal polarizations naturally have the same response, as
desired for circular polarization operation. While this serves as
a simple example to illustrate possible extensions to circular
polarized waves, more sophisticated geometrical modifications
may be needed to enable greater control over its scattering
response.
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VI. CONCLUSIONS
A novel Huygens’ transmit-array has been proposed com-
patible with standard PCB processes and a single dielectric
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VI. CONCLUSIONS
A novel Huygens’ transmit-array has been proposed com-
patible with standard PCB processes and a single dielectric
substrate at mm-Waves for beam-forming application. It has
been constructed using a coupled-resonator approach where
two identical elliptical metallic patches with an elliptical
hole separated by a dielectric substrate has been used. By
engineering the dimensions of the resonator, the electric and
magnetic resonances have been excited to achieve zero back-
scattering in a large bandwidth. The operation principle of the
proposed Huygens’ cell has been explained in details using
both an equivalent circuit model, as well as eigenmode analy-
sis, and compared with standard planar all-dielectric Huygens’
structures. Finally, the proposed Huygens’ cell is placed on
top of a high gain slot-array antenna, in its near-field to
engineer its aperture field distribution, acting as a phase plate.
Several transmit-array prototypes have been demonstrated and
experimentally characterized in both their near and far-fields,
corresponding to pattern generation, beam expansion and beam
steering as application examples, in addition to a uniform
surface demonstrating low-loss performance around 60 GHz
frequency band. Further discussions related to unit cell size
vs frequency bandwidth trade-offs and possible extension to
handling circular polarization have been finally provided.
The proposed single dielectric coupled resonator Huygens’
structure has been classified here as a transmit-array due to
its large unit cell size. However, it is anticipated that with
even larger dielectric constant substrates, the unit cell size
can be further reduced. Thus, qualifying the structure as an
electromagnetic metasurface with deeply sub-wavelength peri-
odicities. This will greatly enhance its beam forming capabili-
ties beyond transmit-array operation, by enabling larger spatial
phase variations at the cost of smaller matching bandwidths.
Besides, the near-field operation of the transmit-arrays makes
the overall compound structure compact in size, where the
transmit-array may also be regarded as an electromagnetically
active radome to the slot array antenna structure. Future
works include a rigorous mapping between the equivalent
circuit elements and the geometry of the unit cell which
may lead to faster unit designs along with deeper insights
to unlock real-time phase tuning capabilities. Extensions to
handling circular polarizations and their detailed experimen-
tal characterization is another interesting avenue to pursue.
Thus the proposed Huygens’ transmit-array may represent
an important step forward in implementing high efficiency
electromagnetic structures for both passive and active beam-
forming in the mm-Wave frequency region for next generation
wireless systems.
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